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OBJECTIVES

e (1) Develop a polymer material that incorporates
functional nanofillers to achieve novel oxygen-
enrichment permselectivity;

e (2) Document the fundamental microstructure-
property relationship of the nanofiller-modulated
polymer material using molecular simulation.



Gas-Separation Membrane Parameters

Mass transfer flux J, = P, ( dij =D, (d&j
dx dx

p, partial pressure of gas molecule A

c, concentration of gas molecule A

P, Permeability of polymer for gas molecule A

D, Difusion coefficient of gas molecule A inside polymer

C
g =t
",

S, Solubility of gas molecule A inside polymer

- . P
Separation factor (also called selectivity) a,,, = FA
B



Measurement of Diffusion Coefficient
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Figure 12-10 Piot of the amount of permeant versus time for a flat film illustrated at
the left. The slope of the linear portion of the curve gives the steady-

state permeability, while the intercept with the time axis yields the
time lag, 6, from which the apparent diffusion coefficient can be ob-
tained (eq. 12.22). The increase in permeant concentration in the film
up to the attainment of steady state is illustrated at the left.
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Figure 12-8 Sorption isotherm of CO, in silicone rubber at 35°C. Data points give
CO. concentrations measured at different pressures during sorption
(O) and desorption (@). The solid line represents the fit by the
Flory—Huggins equation; the broken line represents Henry's law behav-
ior. (Reprinted with permission from G. K. Fleming and W. J. Koros,
Macromofecules, 19, 2285 (1986). Copyright 1986 American Chemical

Society.)



Table 12:7 éianetic Diameters and Lennard-Jones Potential Well Depth* of Important
865

(ias: He Hy €O 0 No CO Chy

Kinetic diameter (1) 2.6 289 3.3 346 364 376 3.80
elk (K 102 597 195 107 T4 917 149

o 155 280 39 347 380 369 376

"See text footnote for identification of the Lennard-Jones €/k and o parameters,



Table 12-5 Gas Permeability and Permselectivity of Representative Polymer (at 25° to

35°C)
Polymer P(O,)* P(O,) P(CO,) P(CO,)
P(N,) P(CH,)
Rubbery Polymers
High-density polyethylene (p = 0.964) 0.4 2.9 1.7 4.4
Butyl rubber 1.3 3:9 5.8 6.6
Low-density polyethylene (p = 0.914) 2.9 3.0 12.6 4.3
Natural rubber 24 3.0 134 4.7
Silicone rubber 610 2.2 4,553 3.4
Glassy Polymers
Poly(ethylene terephthalate) (X, = 0.50) 0.06 4.5 0.30 -
Cellulose acetate 0.68 3.4 5.5 28
Polysulfone £y 5.2 4.9 23
Polycarbonate 1.8 3.2 6.0 23
Polystyrene 2.6 S5 10.5 ——
Poly(2,6-dimethyl-1,4-phenylene oxide) 18 5.0 59 15
Poly(4-methylpentene-1) 29 4.4 93 =
Poly[1-(trimethylsilyl)-1-propyne] 7,200 177/ 19,000 4.4

* Permeability in barrers [107'° cm® (STP)-cm/(cm?-s-cm Hg)]



Table 12-1 Permeability Coefficients of Selected Polymers at 25°C*

Polymer P (0,1
- Poly(vinyl alcohol) ~0.0001
Polyacrylonitrile ~0.002
Poly(vinylidene chloride) 0.012
Polymethacrylonitrile 0.012
Poly(ethylene terephthalate) 0.42 ; |
Poly(vinyl chloride) 0.48 ) s 7 i :
Poly(vinyl acetate) 3.3 _D_S|I_EH HE'HE—* o S|I_ ) _D_EII a EHE_EHE_EF o
Polypropylene 10.8 ; _ EIJ y ) IfI
Polyethylene (LDPE) 30.0 : _SL ah e, = Ei k.
Polyisobutylene 90.0 A -
Polydimethylsiloxane ~3000 R - A 2 '
*Data taken from ref. 1. —0—Si—CH =|"|:.i-|2 5 . :u_‘!i—;;; —D—sl: — CH.-CH _E!i _ R
tp % 10! em?-cm/cm?-sec cmHg at 0% humidity !l! & = JJ 'R . lj
P x 10" g-cm/cm?® sec cmHg Polymer Crss*sll nker |




Huntsman Matrimid 5218

Fully imidized

Soluble in a variety of organic solvents
Tg =280 °C



=  Preferred method for application of thin, uniform films
to flat substrates.

= The polymer solution placed on the substrate is rotated
at high speed in order to spread the fluid by centrifugal
force.

= Rotation is continued for some time, with fluid being
spun off the edges of the substrate, until the desired
film thickness is achieved.

Neat polymer 18 pm thick Filled polymer 28 um thick






Polymer Characterization




PDMS-Carbon Nanotube Membrane
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Diffusion Coefficient
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A molecular model of 1an)1.5-SWNT(6,6)
complex (top) and 1H NMR spectra (300
MHz, CDCI3) of 1a (bottom) and a-
SWNTsHiPco complex (middle). [Jian
Chen etc. J.Am. Chem. Soc. 2002, 124,
9034-9035]




Molecular Modeling and Simulations

Nanofiller Nanocomposite

Modified GROMOS force field

Bonds kg (10°ET mel ™ nm ™) by (nm)
8i-0 25080 0.160
Si—CH;, 25080 0.188
Angles kg (klimol ™" rad ™) B, (deg)
Si—0-5i 115.4 114.0
0-5i-0 a2 18,5
0-5i-CH, 415.4 18,5
CH;-5i—-CH;, 415.4 18,5
Dihedrals ko (k] mel™1) n &
CH;—5i-0-5i 77 3 0
8i-0-5i—CH; 77 3 0
Si-0-5i-0 77 3 0
0-5i-0-5i 77 3 0
Monbonded e (kI mal™) o {nm) glel [EXRIY
Si 2HE0 0.3385 0.3 28080
0 0E403 0.29335 —0.3 15.9949
CH; (PDME) 0.7532 0.3786 0 15.035
He 00850 0.2580 0 4.003
H, 0.3076 0.2950 0 2016
Ar 0.9977 0.3400 0 30948
M, 07898 0.3700 a 28013
0 09145 0.3500 0 31998
CH, 1.2466 0.3733 0 L6.043




Potential energy

 The potential energy of the chosen simulation system was calculated using the
GROMACS implementation of the modified OPLS-AA force field

=> k(r-n) +Zk 6-6,) Zsz.fo)

bonds angles impropers

12 6

2
Z L (cos(?)) +ZZf4qiqje +4¢, i | | Zi) L

= L fi fi I

The nontorsional bonded interactions are modeled by first three harmonic terms for bond stretching, angle bending, and out of
plane deformations for planar groups. The force constants for intramolecular deformations (kr,kg, kg) define the magnitude of the
energy required to move the internal coordinates (r,0,&)away from their unstrained default values (5:60:%) . The proper
torsions are defined in terms of the specific dihedral angle ( ¥ ) and Ryckaert-Bellemans potential parameter C, where n =0, 1...
5. The nonbonded interactions are modeled by Coulombic and 6-12 Lennard-Jones terms, where I; is the distance of two sites, ¢
is the partial atomic charge, and and are the Lennard-Jones parameters. The scaling factor is 1.0 for all nonbonded
interactions except for the 1, 4-intramolecular interactions.



Prediction of diffusion coefficient

To determine the self diffusion coefficient Dy, one can use the Einstein relation.

The terms in the angular brackets represent the time averaged mean-square
displacement (MSD). After approximately 100ps, the molecules will be moving in a
totally random fashion (Brownian motion), and the mean-square deviation of the
system will increase linearly as the atoms drift away from each other. The MSD from
200ps to 800ps was fit to a linear curve and the slope is directly related to the self
diffusion coefficient.

lim (| (© - ©)]") =6D,t

teN



MD simulations
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Diffusion Coefficient
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Predicted self-diffusion coefficient D as a function of temperature for
neat polymer and nanocomposite chains around silica nanoparticles
(bottom).



Results Summary

The influence of nanofillers on the self diffusion, free volume, glass transition and in
turn the oxygen diffusion and solubility and the permselectivity of oxygen in polymer
membrane is studied.

Thermal properties were investigated by experiments and molecular dynamics
simulations. Molecular models of Single-walled carbon nanotubes PDMS membrane
and nano fumed silica PDMS membrane, zeolite-modulated polyimide membrane
were built by Material Studio 4.0 and the resulting output coordinate files were
modified to make them compatible with GROMACS.

All Molecular dynamics simulations were performed using the GROMACS 3.3
simulation package on a 40-node IBM xSeries Linux Cluster. Modified OPLS-AA
force field was used. In the simulations, the leapfrog algorithm was used to integrate
Newton’s equations of motion with a time step of 2 fs. Periodic boundary conditions
were applied and nonbonded force calculations employed a grid system for neighbor
searching. In this system, only the atoms in the neighboring grid cells are considered
when building a new neighbor list. A twin-range cutoff was used for both Lennard-
Jones and Coulombic calculations.

The permeation and diffusion experiments were performed for the different
membranes with different amount of nanofillers.
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